become a routine procedure for investigating the function of detergent-solubilized transport proteins and, critically, for determining the substrate-binding constants of purified transporters (Pirch et al., 2002; Berry and Price-Jones, 2005; Quick and Javitch, 2007; Harder and Fotiadis, 2012; Khafizov et al., 2012; Zhou et al., 2014) .
Conventionally, when more than one Na + is involved, SPA data are analyzed using the Hill equation (Hill, 1910 (Hill, , 1913 Weiss, 1997; Goutelle et al., 2008) with a non-integer exponent n:
where f n is the fraction of transporter molecules that are occupied by Na + , and K d is an apparent microscopic dissociation constant. Cases with n > 1 are instances of positive cooperativity, and the resulting curves for f n versus [Na + ] are sigmoidal; the K d value yields the [Na + ] at half-saturation. This equation, however, does not describe a true equilibrium situation: there is no real binding reaction that can lead to this expression, as it would have a fractional stoichiometric coefficient. In the case Beyond non-integer Hill coefficients: A novel approach to analyzing binding data, applied to Na + -driven transporters Prokaryotic and eukaryotic Na + -driven transporters couple the movement of one or more Na + ions down their electrochemical gradient to the active transport of a variety of solutes. When more than one Na + is involved, Na + -binding data are usually analyzed using the Hill equation with a non-integer exponent n. The results of this analysis are an overall K d -like constant equal to the concentration of ligand that produces half saturation and n, a measure of cooperativity. This information is usually insufficient to provide the basis for mechanistic models. In the case of transport using two Na + ions, an n < 2 indicates that molecules with only one of the two sites occupied are present at low saturation. Here, we propose a new way of analyzing Na + -binding data for the case of two Na + ions that, by taking into account binding to individual sites, provides far more information than can be obtained by using the Hill equation with a non-integer coefficient: it yields pairs of possible values for the Na + affinities of the individual sites that can only vary within narrowly bounded ranges. To illustrate the advantages of the method, we present experimental scintillation proximity assay (SPA) data on binding of Na + to the Na + /I  symporter (NIS). SPA is a method widely used to study the binding of Na + to Na + -driven transporters. NIS is the key plasma membrane protein that mediates active I  transport in the thyroid gland, the first step in the biosynthesis of the thyroid hormones, of which iodine is an essential constituent. NIS activity is electrogenic, with a 2:1 Na
 transport stoichiometry. The formalism proposed here is general and can be used to analyze data on other proteins with two binding sites for the same substrate.
and can be considered to represent the equilibrium for the reaction
"where K a is the equilibrium constant and n is a whole number > 1" (Hill, 1913) , and Y is the fraction of protein molecules that have n ligands bound. This reaction and its associated equilibrium constant imply that the protein (P) has n binding sites, and the ligand (L) must bind to the n sites simultaneously: binding of L to a single site of the protein does not take place. The exponent in this equation is called the Hill coefficient.
In many cases, a better fit to the experimental data can be achieved by using a non-integer Hill coefficient, yielding the equation,
Unfortunately, this equation does not represent an actual reaction; it just says that L can bind to one site and that binding to one site affects the affinity of the other site for L. A value of n > 1 indicates positive cooperativity; an n < 1 indicates negative cooperativity. A more general case would be one in which the protein has two nonequivalent sites and L can bind to either site first and then bind to the other. The two sites will, in general, have different affinities for the ligand, and the affinity for binding to a second site may be enhanced (positive cooperativity) or reduced (negative cooperativity) when the other site is already occupied. The reaction scheme for the general case involving two sites, A and B, is represented in Fig. 1 
M A T E R I A L S A N D M E T H O D S
Protein purification 293-H cells grown in suspension were transduced with a lentiviral vector containing a rat NIS cDNA construct with an HA tag at the N terminus and a His 8 tag and a streptavidin-binding protein (IBA GmbH) tag at the C terminus. I  transport levels were comparable to those in FRTL-5 cells, a line of rat thyroid-derived cells that express NIS endogenously (Dai et al., 1996) . A membrane fraction prepared from 293 cells was solubilized with 40 mM n-dodecyl--d-maltopyranoside (DDM; Anatrace) and purified via Strep-Tactin affinity chromatography. The S353A/T354A NIS mutant was expressed and purified using the same procedures.
Binding experiments
Binding experiments were performed using the SPA technique (Quick and Javitch, 2007) . Affinity-purified NIS (WT or mutant) was bound to Cu 2+ chelate YSi scintillation SPA beads (PerkinElmer) via the C-terminal His 8 tag. 250 µg SPA beads was used per assay, in a volume of 100 µl. Experiments consisted of competing bound 22 Na + with cold Na + at the specified concentrations. The assay buffer consisted of 100-600 mM Tris/Mes, pH 7.5, 20% glycerol, 0-500 mM NaCl (equimolar replacement with Tris/Mes), 1 mM TCEP, and 0.1% DDM with 250 ng of affinity-purified NIS. [ 22 Na]Cl (1,017 mCi/mg; PerkinElmer) and the indicated concentrations of cold NaCl were added to the bead solution simultaneously with the protein. Nonspecific binding was determined in the presence of 800 mM imidazole. All binding assays were performed in white-walled, clear-bottomed 96-well plates and quantitated in a photomultiplier (Wallac; PerkinElmer) tube counter (MicroBeta; PerkinElmer) after overnight equilibration.
Analysis of NIS SPA data
All readings were background-subtracted and then normalized using the following relation:
where f x is the fraction of NIS molecules for which the bound 22 Na + has been displaced by cold Na + at a [Na + ] = X; and C 0 , C X , and C 500 are the counts per minute at cold [Na 
R E S U L T S A N D D I S C U S S I O N

Non-integer Hill coefficients
The equation proposed by Hill (Hill, 1910 (Hill, , 1913 Dahlquist, 1978; Weiss, 1997; Goutelle et al., 2008) can be written as 
sq K K
2 4 φ (7c) must be positive. Three cases have to be considered:  = 1,  > 1, and  < 1. The case  = 1 corresponds to two independent sites (no cooperativity). If sq = 0, K a,A = K a,B = 1/2 K p and corresponds to two independent identical sites; other-
The case  > 1 corresponds to positive cooperativity.
In contrast, the case  < 1 corresponds to negative cooperativity. The condition
In both cases, when  =  min , sq = 0; therefore,
A symmetrical homodimer, for example, may correspond to this case if the single sites can bind independently, but once a site is occupied, the affinity for the second site is enhanced/reduced.
In the case of positive cooperativity, there is another limiting case. It corresponds to the situation where  is very large, making K a,A approach K p and K a,B approach 0 (from Eq. 7a). This case corresponds to absolute sequential binding (i.e., the ligand does not bind to site B unless site A is already occupied).
After For positive cooperativity,  > 1, and  < 1 corresponds to negative cooperativity ( = 1 means independent sites). The fraction of doubly occupied molecules can be written as (2a) and the fraction of singly occupied molecules as
. φ
Introducing the new constants
(5b) (The sum of Eqs. 5a and 5b is similar to the Adair equation (Adair et al., 1925) but subjected to the conditions given by Eqs. 3 and 4.) The normalized signal from an experimental measurement sig(L) is given by
where sr is the ratio of the signal when one L is bound to that when two L's are bound. The values of K p and K x can be obtained by a leastsquares fit of normalized experimental data. Eqs. 3 and 4 can then be used to solve for K a,A and K a,B as a function of . This yields a quadratic equation with solutions
where we choose the plus sign for K a,A and the minus sign for K a,B . Because K a,A and K a,B must be real numbers, the expression within the square root "sq"
Eq. 8 assumes a maximum signal fraction of 1.0. Because of experimental and normalization errors, it is best to include a numerator multiplier SPA max , which can also be fitted to the data. The value of the fitted SPA max should remain close to 1.0.
Sodium binding by WT NIS SPA data
NIS is the key plasma membrane protein that mediates active I  transport in the thyroid gland, the first step in the biosynthesis of the thyroid hormones, of which iodine is an essential constituent (Dai et al., 1996) . NIS mutations have been linked to iodide transport defects, which lead to congenital hypothyroidism, deficit in the central nervous system development, and mental retardation if patients are not treated soon after birth (Dohán et al., 2002; De la Vieja et al., 2004 , 2005 Paroder-Belenitsky et al., 2011; Li et al., 2013; Paroder et al., 2013; Portulano et al., 2014) . NIS couples the inward "uphill" translocation of I  against its electrochemical gradient to the inward "downhill" transport of Na + down its electrochemical gradient. NIS activity is electrogenic, with a 2:1 Na + /I  transport stoichiometry (Eskandari et al., 1997 Na (L = Na + ), the transporter with two Na + ions bound and the two species with one Na + bound all produce a signal. Because the signal from the molecules with one Na + is half that from the fully occupied transporter (sr = 0.5 in Eq. 6), the normalized SPA signal is proportional to the sum of the fraction of molecules with two Na + ions bound and half the fraction of molecules with one Na + bound:
Summing these two signals, we obtain This analysis shows that the values of the dissociation constants for empty NIS, K d,A , and K d,B (Fig. 3, top , left side) are compatible at one extreme, with both sites having the same affinity (K d,A = K d,B = 225 mM), and as the affinity of one of the sites (for example, site A) increases, that of the other must decrease to remain compatible with the experimental data. As K d,A decreases, the value of K d,B increases dramatically, approaching infinite as K d,A approaches 112.5 mM (= 1/K p ). However, because of the cooperativity, K d,B / becomes highly favorable when site A is occupied (range of 4.6-9.2 mM; Fig. 3, bottom, left side) . These values are very similar to those obtained by a statistical thermodynamic analysis of kinetic data (K d,A = 137 mM and K d,B = 22.4 mM) (Nicola et al., 2014) .
It should be noted that the dissociation constant for the first site (K d,A ) and the enhanced dissociation constant for the second site (K d,B /) are always known within a factor of 2. Furthermore, if additional information becomes available-for example, from binding data for affinity mutants-the values of all three con-
The same data fitted to Eq. 1 (Fig. 2 B) gave a K d value of 31.9 mM and an n of 1.74. This K d is highly similar to the geometric mean of K d,A and K d,B / (= 32.1 mM). Although the two equations yield fits of similar quality (see below), there is much more information in the values in Fig. 3 than in the two numbers obtained from fitting the data to the Hill equation.
Sodium binding by S353A/T354A NIS SPA data
The S353A/T354A NIS mutant was studied as a possible example of a NIS molecule that may bind a single Na + ion. Residues S353 and T354 were studied because the NIS mutant T354P causes iodide transport defect (Levy et al., 1998) , and were identified as residues that are part of the coordination of one of the Na + ions (De la Vieja et al., 2007) , like the corresponding residues in the bacterial leucine transporter LeuT (Yamashita et al., 2005) . Alanine substitutions at NIS positions 353 and 354 abolish I  transport (De la Vieja et al., 2007) . To determine whether or not the lack of transport activity is caused by a lack of Na + binding, we generated the double mutant S353A/T354A and measured, using SPA, the binding of Na + to this NIS mutant. Surprisingly, the mutant binds two Na + ions, but the binding curve (Fig. 4 A) fails to show the positive cooperativity between the sites observed for the WT (Fig. 2 A) .
The SPA data were fitted and analyzed using three different formalisms: (1) fit to Eq. 8 followed by the analysis proposed above (Figs. 4 A and 5) ; (2) fit to Hill equation (Eq. 1) (Fig. 4 B) ; and (3) fit assuming two independent sites (Fig. 4 C) . The three formalisms fit the experimental data extremely well. Interestingly, the fit to Eq. 1 yields a single K d = 20.6 mM and a Hill coefficient of 0.42. There is little information in these values besides a general K d,50
concentrations, 79% of all NIS molecules have two Na + ions bound, and are therefore ready to bind and transport I  (Nicola et al., 2014) . SPA experiments were performed to determine the affinity of Na + binding by NIS. NIS, like many other transporters in its family, has two independent binding sites for Na + ; both Na + ions that bind to NIS are used to transport I  . The f x values, obtained and normalized as detailed in Materials and methods, were fitted to Eq. 8 as a function of [Na + ] to obtain the K p and K x values (Fig. 2 A) . The agreement between the calculated values (Fig. 2 A, continuous curve) for f x values in the range of 0-1.0; m is the number of experimental data points, and p is the number of parameters.
The extremes of the ranges provide examples of the combinations of affinities compatible with the data (Fig. 3, top and bottom (Fig. 3, top) , binding to a second site becomes highly favorable, with K d,B / = 4.5 mM (Fig. 3, bottom) , a 50-fold enhancement. At the other extreme, when K d,A approaches 112.5 mM (i.e., K d,B approaches infinity), K d,B / becomes 9.2 mM, corresponding to a very large enhancement. The actual values for NIS must fall within this range, somewhere between these two extremes. A is occupied, varies between 43.84 and 87.68 mM (Fig. 5,  bottom, cyan) . The values on the right side of the graph, 0.99 and 87.68 mM, are highly similar to those obtained by fitting two independent sites (0.90 and 80.48 mM). The similarity between these sets of values reflects the fact that, under these conditions, the two models describe similar situations: in both cases, site B starts binding after site A is substantially occupied. The analysis based on the formalism introduced here, however, describes other situations that are equally compatible with the data from SPA experiments. As mentioned before, analysis with the Hill equation provides much less information.
Equivalence of fitting by the two equations
It could be argued that the similarity between the quality of the fit using the Hill equation with a non-integer and the indication of negative cooperativity (n ≤ 1). Furthermore, the fact that the value of n is smaller than the minimum value (1/N = 0.5) expected for negative cooperativity (Abeliovich, 2005) suggests that Eq. 1 is not an appropriate model for ligand binding to this NIS mutant.
Analysis using the equations presented above yields a range of K d values for the first site (K d,A ) between 0.99 and 1.98 mM (Fig. 5, top) . For most of this range, the dissociation constant for binding Na + to site B when site A is not occupied remains small ( , where the effect of having two sites-one with high affinity and one with low affinity-is more pronounced. from 1.7 to 1.9 and a K d n value of 0.001. The points in each individual curve were fitted by least squares using Eq. 8 (Fig. 6) . The equation fits the calculated points with an rms resid of <0.004, indicating that the two equations can fit the same data equally well.
Analysis of data obtained by other experimental methods
The formalism presented here can be used to analyze data obtained by other methods, for example, fluorescence (Reyes et al., 2013) . In this case, f versus [L] data can be fitted by least squares to a version of Eq. 8 modified to take into account the fact that the signal with one L bound may not be half the signal when two L's are bound. The modified equation has the form
where S 1 is the fraction of the signal that occurs in response to binding of a single L (sr in Eq. 6). The value of S 1 can be estimated as part of the least-squares fit.
The results obtained can be analyzed as described above.
As mentioned earlier, these equations can be used when [L] ≈ L added . In the case of fluorescence, this condition is met when [P] << K d .
Summary of the approach
The equations for binding of a ligand to an allosteric macromolecule with two sites can be derived using three parameters, K a,A , K a,B , and  (the enhancement of the affinity for binding the ligand to one of the sites that results from binding the ligand to the other site) (Hines et al., 2014) , where K a,AB = K a,B ·  and K a,BA = K a,A ·  (Fig. 1) . Fitting the experimental data to the three parameters in Eqs. 2a and 2b results in many combinations of parameters compatible with the data (Hines et al., 2014 Fitting by Eq. 8 of points generated by Eq. 1. Points were generated using Eq. 1 with n values of 1.7 (mauve ovals), 1.8 (blue triangles), and 1.9 (green squares), and a K d n of 1,000 (K a n = 0.001). Each set of points was fitted using Eq. 8, resulting in the mauve, cyan, and blue curves, respectively.
